Abstract Introduced mammals can cause extinction of native species due to replacement competition, disease, predation or hybridization. We studied the colonization of Piedmont (NW-Italy) by American grey squirrel (Sciurus carolinensis) and its effect on the native red squirrel (Sciurus vulgaris). Presence/ absence data (2 9 2 km 2 ), of both species were (re)constructed using questionnaires, literature, existing databases, unpublished information, and direct monitoring with hair-tubes. In 1970 red squirrels were still widespread and greys were restricted to forests near the introduction site. By 1990, grey squirrels had increased their range to 220 km 2 , which coincided with the disappearance of native squirrels from 33 squares inside this range. The invasive species continued its spread occupying an area of 2,016 km 2 in 2010; within this area red squirrels went extinct in 88 squares. Overall, from 1970 to 2010 red squirrel went extinct in 62 % of 2 9 2 km 2 (ca. 1,689 km 2 ), and were replaced by grey squirrels. The spread of the alien species was slow in the first 20 years, but doubled in the successive two decades. Nevertheless spread was slower than in Ireland and England. Grey squirrel adapt to climate and habitats in both North and South Europe, causing extinction of the native red squirrel. A EU LIFE co-funded project with the aim to control the grey squirrel in North Italy and recent trade-restrictions and trade-ban are a first step in reducing the risk of grey squirrels invading other countries, but their effectiveness will have to be evaluated.
Introduction
The introduction of non-native species is changing ecosystems functioning, altering materials and energy flows (Ehrenfeld 2010; Strayer 2012) . One of the changes commonly reported is the extinction of native species due to different ecological processes, including competition, disease, predation and hybridization (Clavero et al. 2009; Vié et al. 2009; Collen et al. 2012) . The theory of limiting similarity predicts that interspecific competition should lead to a reduction in the niche overlap of competing species (MacArthur and Levins 1967) . The introduction of non-native species may interfere with this process and the niche of the native and the introduced species might overlap considerably, thus causing detrimental effects that may lead to extinction of the native species. Competitive interactions between introduced and native species have been shown in several studies (e.g. Cadi and Joly 2003; Gurnell et al. 2004a, b; Glen and Dickman 2008) .
Not all introduced species adapt to new habitats, and not all of these species spread and become invasive (Williamson 1996; Jeschke and Strayer 2005; Ferreira et al. 2012) . Several authors have reviewed correlates of invasion success looking for predictors of establishment success (e.g. Kolar and Lodge 2001; Hayes and Barry 2008) , however we are still far from describing general rules useful in risk assessment procedures. Nevertheless, the invasiveness of a species in previous areas of introductions should be an indication of its potential adaptability to other parts of the world (Wittenberg and Cock 2001) . Furthermore, a species can be harmful in an area and spread apparently without any impact in another one. Among mammals, introduced tree squirrels can establish self-sustaining populations from only few founders, are likely to become invasive and cause problems to native wildlife and/or damage agricultural crops, natural woods and tree plantations (e.g. Gurnell and Pepper 1993; Wauters et al. 2005; Bertolino 2008 Bertolino , 2009 Bertolino and Lurz 2013) .
A well known case of competitive exclusion of a native species by an introduced one is the replacement of the Eurasian red squirrel (Sciurus vulgaris) by the Eastern grey squirrel (Sciurus carolinensis) in Great Britain and Ireland (Gurnell and Pepper 1993; Lawton et al. 2010) . The grey squirrel is a North American species that has been introduced to many localities of North America, Australia, South Africa, Great Britain, Ireland and Italy (Bertolino 2009 ). In Europe, the grey squirrel was introduced to Great Britain on more than 30 occasions from 1876 until 1929 (Middleton 1932; Gurnell and Pepper 1993) and to Ireland in 1913 (O'Teangana et al. 2000 . At least 20 separate introductions took place in Italy (Bertolino 2008; Martinoli et al. 2010) . Presently, the range of introduced grey squirrel populations covers most of England and Wales, part of Scotland, the eastern part of Ireland, as well as many areas in Northwestern Italy and a location in central Italy (Wauters et al. 1997a; O'Teangana et al. 2000; Bertolino 2008; Gurnell et al. 2008; Martinoli et al. 2010) .
The spread of the grey squirrel in Great Britain and Ireland has been associated with a dramatic decline of the native red squirrel. This replacement is caused by competition for food resources between the two species that reduces juvenile body growth and recruitment, and female breeding success in red squirrel (Wauters et al. 2002a, b; Gurnell et al. 2004a, b) . The replacement is also disease-mediated, as grey squirrels act as a reservoir host to a squirrel poxvirus that causes high mortality in red squirrels (Sainsbury et al. 2000; Tompkins et al. 2002; Rushton et al. 2006) . Recently, screening of macro-parasites in Italy is investigating whether other parasite-mediated competition mechanisms might be involved.
The grey squirrel is spreading and impacting biodiversity and commercial forestry in Great Britain, where it is a serious pest for its impact on trees through bark stripping (Mayle et al. 2003; Gurnell et al. 2008) . In Italy, damage in plantations or to crops is still limited (Signorile and Evans 2007) . However, not everywhere has the species proven to be invasive. In South Africa the grey squirrel has been introduced to the Cape Peninsula more than a century ago. Here, after an initial spread the species remained confined to agricultural and afforested environments, not being able to invade native ecosystems (Long 2003) . In Australia the species thrived for some decades in two areas in Melbourne and then became extinct (Long 2003) , while it was eradicated from another (Peacock 2009) .
Until now, spatially explicit population dynamics models have been used to forecast the future spread of the grey squirrel within Italy and in neighbouring countries and the risk that it poses to the red squirrel (Lurz et al. 2001; Tattoni et al. 2005 Tattoni et al. , 2006 Bertolino et al. 2008) . However, published information on the spatial spread of the grey squirrel and the effect on the red squirrel is still limited (Wauters et al. 1997b ).
Here we use a database on red and grey squirrel presence in Piedmont, the region were the first introduction of the American species in Italy took place, to show the spread of the introduced species and the impact on the native one. We investigated whether the grey squirrel is replacing the red squirrel in the area of spread. We also tested the hypothesis that the grey squirrel adapted to Italian habitats, comparing the spread rate of the species in this country in respect to the rates recorded in England and Ireland (Okubo et al. 1989; O'Teangana et al. 2000) . If the replacement of the red squirrel by the American species is confirmed in Italy, the future diffusion of the grey squirrel beyond the Italian border represents a serious threat for the survival of the native species in the long-term at an European scale.
Materials and methods
The study was carried out in Piedmont, a region in northwestern Italy (Fig. 1) . Piedmont can be divided into four main geographical areas: the Alps (with peaks above 1,500 m a.s.l.), the pre-Alps (with peaks below 1,500 m a.s.l.), inland low-hills and Apennines (the hills bordering the River Po, Monferrato, Langhe, and Apennines uplands), and lowlands (including wide Alpine valley floors below 600 m a.s.l.). The region covers 25,383 km 2 , with 29 % of lowlands and 71 % of mountains and hills (Gottero et al. 2007 ). Most of the plain and hilly area is covered by agricultural lands (37 %) and grasslands (pastures and meadows, 13 %). Woodlands are mainly spread across the hilly areas, Alps, and Apennines, and extremely reduced in lowlands; overall, forest cover is 34 %.
Data on the presence of the grey squirrel in Piedmont are available from 1970s. A map of the red squirrel distribution in Piedmont in the 1970s was prepared collecting data from the literature, existing databases and unpublished information. The map is based on a large dataset of 1,089 records and uses a grid with 2 9 2 km 2 . However the species was probably even more widely distributed considering the nearly continuous forest cover in the Alps, the Apennines and in most hilly areas. Therefore the probable red squirrel distribution in the area colonised by the grey squirrel was evaluated considering the confirmed records and the suitability of other areas. A single square was considered suitable when a woodland [10 ha was present inside the square ( Fig. 1  right) ; the probability of red squirrel occupancy of forests larger than 10 ha in fragmented landscapes is higher than 90 % (Rodrìguez and Andrén 1999) . The successive analyses were carried out using only the confirmed records.
Presence or absence of both squirrel species in 1970 in the grey squirrel range was established through questionnaires to gamekeepers, hunters, farmers, park-owners and foresters (Wauters et al. 1997a, b) . The distribution of red and grey squirrels from 1990 onwards was reconstructed using presence/absence data from both species continuously collected by researchers at the University of Turin. In 1998 -1999 and 2010 surveys with hair-tubes were conducted to determine the distribution of both species in a standardised way (Gurnell et al. 2004a, b; ). Data were georeferenced in a GIS-based database and were used to evaluate the overall range expansion of the introduced species and the red squirrel extinction. Effects of competition were evaluated assessing the presence/absence of the two species in a 2 9 2 km 2 grid. It was assumed that grey squirrels were present in a grid square from the year they were first recorded, regardless of a possible extinction and successive recolonization of woodlands. Red squirrels were deleted from squares when they were not reported in the period between two successive surveys.
The speed of grey squirrel colonisation was calculated with the method used by Okubo et al. (1989) for England and by O'Teangana et al. (2000) for Ireland in order to compare the values between different European countries. Utilizing the data of the four periods described above, the rate of spread was calculated measuring the shortest distance from the centre of the previously occupied squares to the centre of those newly occupied in all directions. These measurements were then divided by the number of years between the respective surveys to obtain the minimum speed of colonisation (V min ) in km/year. The two-dimensional diffusion coefficient (D) was estimated from the equation in Okubo et al. (1989) :
where A is the intrinsic rate of natural increase of grey squirrel distribution, which has been estimated by Okubo et al. (1989) at 0.82 km/year. To test the possible effects of forest fragmentation on the persistence of red squirrels, we measured the area of the woodlands inside the grey squirrel range where native squirrels disappeared, and, for patches \10 ha, the distance from woodland patches with an area greater than 10 ha. These measures are known to influence the persistence of the red squirrel in fragmented habitats with small forest patches (Celada et al. 1994; Rodrìguez and Andrén 1999; Verbeylen et al. 2003) .
We used 1:10,000 digitised maps of land cover (edited by Regione Piemonte and Istituto per le Piante da Legno e l'Ambiente) imported to QGIS software to measure the size and distance of forest patches with red and grey squirrels' presence. We then explored whether the habitat was more fragmented in the early area of grey squirrel distribution (1970-1990 range) than in the area colonised after 1990 (1990-2010 range) . A non-parametric procedure (Mann-Whitney U-tests) was used to evaluate differences in patch size between these periods. The distribution of interpatch distances was highly skewed and data were logtransformed to meet assumptions of normality (Shapiro-Wilk's test on log-transformed data, W = 0.96). As for patch size, we compared interpatch distances between the two periods using a two-way ANOVA with period, patch size class (small patches [1 ha, larger patches [10 ha) and the interaction as factors. Means are reported ± SE.
Results
The reconstructed distribution of the red squirrel in the area of the grey squirrel invasion in Piedmont before 1970 (considering both squares where the species was recorded, dark red, and those suitable for the species but not investigated, light red, Fig. 1) shows that the native species was widely distributed. In 1970 grey squirrels were still restricted to the Stupinigi forests, the site of first introduction, where both species coexisted (Fig. 2) . The last observation of a red squirrel at Stupinigi occurred in the 1979-1980 winter (Wauters et al. 1997b) . By 1990, grey squirrels had drastically increased their range to 220 km 2 . Concomitantly, in this area red squirrels disappeared from 33 2 9 2 km 2 where they were previously recorded (Fig. 3) . By 2000 the range of the invasive species had increased to 881 km 2 and red squirrels went extinct from an additional 30 squares. In 2010 the grey squirrel range reached an area of 2,016 km 2 between the cities of Turin and Cuneo. During these 10 years, the red squirrel disappeared in another 58 squares. Hence, from 1970 to 2010 the red squirrel went extinct in 120 out of 194 (61.9 %) 2 9 2 km 2 , being replaced by the grey squirrel (Fig. 3) . Overall, the red squirrel is no longer present in an area of 1,689 km 2 that was previously occupied by the species.
Among 153 woodland patches inside the grey squirrel range where red squirrels were present in 1970 and went extinct after the arrival of the introduced species, 20 (13.1 %) were[10 ha, the other 133 were within 2 km (n = 113, 73.8 %) or 3.6 km (n = 20, 13.1 %) from a woodland patch [10 ha (Fig. 4) . We do not have indications of any woodlot in which red squirrels have gone extinct in the absence of grey squirrel.
Between 1970 and 2010 the grey squirrel area of occupancy increased with a pattern corresponding to the first part of a logistic curve (Fig. 5 , R 2 = 0.96, F 1,2 = 53.8, P = 0.018). In the same period, the area of occupancy of the red squirrel decreased linearly (R 2 = 0.91, F 1,2 = 19.4, P = 0.048). The linear spread of the colonization by the alien species was low in the first 20 years of our survey (Table 1, : 0.33 km/year) and doubled in the successive two decades (1990-2010: 0.56-0.65 km/year). Accordingly, the two-dimensional diffusion coefficient increase from 0.03 km 2 /year (1970-1990) to 0.10-0. 13 (1990-2010) . The mean dimension of the forest patches in the area of grey squirrel spread from 1990 to 2010 (Fig. 6 , n = 2,425, mean area 13.08 ± 1.20 ha) was greater than patches present in the 1970-1990 area (n = 255, 3.10 ± 0.31 ha; MannWhitney U-test, P \ 0.001). Interpatch distance differed between periods (F 1,4,038 = 21.4, P \ 0.0001) but the period effect was only significant for the smaller patches (interaction period * patch size class F 1,4,038 = 6.87, P = 0.009; Tukey test on differences between periods: for patches [1 ha, P = 0.001; for patches[10 ha, P = 0.47). Distance between smaller patches was slightly larger in 1990-2010 than in the 1970-1990 range, while for the larger patches ([10 ha) there was an opposite, but non significant trend.
Discussion
The grey squirrel successfully colonised Italian habitats: from a single documented introduction in a woodland near Turin in 1948 (Bertolino and Genovesi 2005) , a large (meta)-population occupied a range of more than 2,000 km 2 between the cities of Turin and Cuneo in 2010. The spread of the invasive species followed a pattern corresponding to the first part of a logistic curve, with a slow spread in the first 40 years and a rapid increase in the last 20 years. In the same period, the red squirrel went extinct in most of the forested areas occupied by the introduced species. The increase of the extinction area followed a linear pattern and in 2010 the native species was still present in only 38 % of previously occupied 2 9 2 km 2 inside the grey squirrel range.
The grey squirrel spread rate was lower than in Ireland and East Anglia, England (Table 1) . This difference could be due to the interaction of genetic and environmental factors. Founder size was only four individuals in Piedmont (Bertolino and Genovesi 2005) , 12 in Ireland (O'Teangana et al. 2000) , while there have been multiple introductions in East Anglia (Reynolds 1985) . Signorile and colleagues (unpublished data) analysing animals from these three areas demonstrate a positive relationship between founder size, local genetic diversity and individual squirrel dispersal propensity, with lower values recorded in Piedmont.
The low dispersal propensity of the grey squirrels may have been influenced also by the very low forest cover in Piedmont. According to our results, a stepping-stone mechanism could be proposed to explain the dispersal process. Grey squirrel presence in highly fragmented landscapes is influenced by woodland size, quality and isolation (Fitzgibbon 1993; Wauters et al. 1997a ). For instance, in Piedmont the mean distance between woodlands in the area colonised by the grey squirrel in the 1990s was about 1 km (Wauters et al. 1997a ). This distance is well over the perceptual range-i.e. the maximum distance from which an animal can perceive the presence of remote landscape elements such as a forest patch-which is between 300 and 400 m for grey squirrels (Zollner 2000) . The landscape in the Po Plain where grey squirrels are spreading is characterized by few highquality broadleaf or mixed woodlands dispersed in a matrix of open habitats. This could result in a scenario where grey squirrels show low dispersal propensity with animals emigrating from good woodlands only when forced by saturation. The spread rate increased after 1990 when the grey squirrel entered an area with larger forest patches and more patches of [10 ha. Interpatch distances of larger patches ([10 ha) were not significantly smaller in the range after 1990 than in that occupied before 1990. The species is now spreading in the hilly system of the Piedmont region and is approaching the Alpine valleys where the forest cover is often continuous. Therefore, we can expect a further increase in the spread rate in a near future if no population control is undertaken. The spread of the grey squirrel clearly coincided with the extinction of the red squirrel in most of the wooded areas colonized by the alien species. Considering the occupancy area, the grey squirrel spread followed a pattern that could be described by the first part of a logistic curve, characterized by a lag-phase when the spread was very low and a successive phase of rapid increase. The presence of a lag-phase is common in the colonization process of introduced species and may be due to the Allee effect, landscape heterogeneity, low connectivity or simply to stochastic events (Crooks 2005; Bertolino 2009; Marsico et al. 2010 ). In the same period, the area of occupancy of the red squirrel decreased linearly. Between 1970 and 2010, the native species went extinct in 62 % of previously occupied squares included in the 2010 grey squirrel range.
Red squirrel presence in fragmented landscapes may be negatively influenced by the increase in forest fragmentation or by a source-sink dynamics with the disappearance from the smaller and isolated patches (Celada et al. 1994; Verbeylen et al. 2003) . However, red squirrels have a high probability ([90 %) to persist in forest patches [10 ha (Rodrìguez and Andrén 1999) , and both sexes can easily disperse between forest fragments, with dispersal distances of up to 4.1 km (Wauters et al. , 2011 . For example, in an earlier study in the Po Plain red squirrel persistence in smaller woodlots decreases with the distance from source areas (woods [10 ha) and was 80 % at 2 km and 60 % at 3.5 km (Celada et al. 1994 ). In the grey squirrel range in Piedmont, red squirrels not only went extinct in small, more isolated woodlands (within 3.6 km from source areas), but also disappeared from larger forests ([100 ha, e.g. Stupinigi; Racconigi) where the species should persist, even in heavily fragmented landscapes. Moreover, woodland cover in the study area did not decrease between 1970 and 2010, except from some harvest of poplar (Populus canadensis) plantations. Finally, in other areas in northern Italy with fragmented woodlands, and without grey squirrels, the red squirrel range is increasing rather than decreasing (Bon et al. 2008) . Therefore, forest fragmentation can not explain the extinction of the red squirrel from such a large area.
Considering the dynamic of the grey squirrel colonization of these woodland areas and the extinction of the native species some years later, the only explanation is the replacement of one species by the other, as already reported for Great Britain and Ireland (Gurnell and Pepper 1993; O'Teangana et al. 2000 ). This conclusion is further supported by detailed population monitoring of both species in some study sites where they initially co-occurred and red squirrels went extinct in only 5-10 years due to competition for food resources (Wauters et al. 2002a, b; Gurnell et al. 2004a, b; Bertolino and Wauters, unpubl. Data) .
Conclusion
Our results show that the grey squirrel adapted to habitats in northern Italy and is able to spread in a highly fragmented landscape. Having reached the hills and approaching the Alps where large forests are present, we expect a higher dispersal rate in the future. The Piedmont population is only one of the many populations that are already present in Italy. In Lombardy, in particular, in the last decades more than 26 nuclei of grey squirrel have been recorded ; Authors unpublished data). These multiple introductions increase the risks posed by the alien species. The probable high genetic variability of different populations and the presence of animals in areas with large forests may result in a spread even faster than predicted from recent spatially explicit population dynamics modelling (Lurz et al. 2001; Tattoni et al. 2005 Tattoni et al. , 2006 Bertolino et al. 2008) . Unfortunately, also in Italy the spread of the grey squirrel coincides with the local extinction of the red squirrel. Hence, grey squirrel easily adapts to climate and habitats of North and South Europe and replaces the native squirrel species. The diffusion of the grey squirrel beyond the Italian border or the introduction of the American species in other countries would represent a serious threat for the survival of the red squirrel in the long-term at a European scale. The starting of a LIFE funded project with the aim to control or eradicate the grey squirrel in North Italy (www.rossoscoiattolo.eu) and the recent trade ban of grey squirrels in Italy (Inter-ministerial decree approved December 24th 2012) and trade restrictions at the European level (Commission Regulation n. 101/2012 of 6 February 2012 amending Council
Regulation No 338/97 on the protection of species of wild fauna and flora by regulating trade therein) are a first step in reducing the risk, but their real effectiveness will have to be evaluated. Finally, it must be stressed that the grey squirrel was deliberately introduced in Europe, as occurred in other parts of the world with many other vertebrates (Carrete and Tella 2008; Hulme et al. 2008; Bertolino 2009 ). The availability in pet shops of exotic species that may threaten native species if released, represents a high-risk pathway for new invasive introductions. Therefore the management of this risk should include the regulation of the pet trade with the ban of species that are considered or suspected to be potentially invasive. 
